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Multiplexed assessment of the surface density of DNA probes on DNA microarrays by Surface 
Plasmon Resonance Imaging 
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Budapest University of Technology and Economics, Szent Gellért tér 4, H-1111 Budapest, Hungary 
* corresponding author: Prof. Róbert E. Gyurcsányi (robertgy@mail.bme.hu) 
Abstract 
In terms of hybridization assays surface plasmon resonance imaging (SPRi) offers high throughput, 
label-free and real-time monitoring of the binding kinetics. This requires DNA microarrays on bare or 
modified gold SPRi chips, which are generally premade by an off-line microspotting procedure. 
Therefore, the surface density of the immobilized probes is not known although it is an essential 
quality control parameter, especially, when it can vary in a very broad range as in case of self-
assembled thiol-labeled DNAs on gold surface. Here we show that the small molecular weight 
ruthenium(III) hexamine complex (RuHex) introduced earlier for electrochemical quantitation of 
DNA coverage on gold electrodes can be used also in SPRi to assess the surface density of DNA 
probes in DNA microarrays. A single injection of RuHex solution allows the simultaneous 
visualization and quantification of the surface density of DNA probes (ranging in this study from 
4×1011 to 1.7×1013  molecules cm-2)  on all spots of a DNA microarray made by microspotting thiol 
labeled short DNA probes both in prehybridized and single-stranded form on a gold SPRi chip. The 
methodology was applied to determine the effect of the surface density of DNA probes on the 
hybridization efficiency and kinetics of complementary microRNAs, using hsa-miR-208a-3p as 
model. Single mismatch duplexes were found to be more effectively destabilized than fully 
complementary duplexes by steric hindrance at large surface densities of the DNA probes, which 
offers an effective mean to increase single mismatch selectivity.   
Keywords: DNA surface density, microspotting, surface plasmon resonance imaging, DNA 
microarray, microRNA 
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1. Introduction 
Surface plasmon resonance (SPR) is one of the gold standard methods for determining the kinetics 
and affinity of biomolecular interactions in a heterogeneous assay format. The limitations of the early 
two-channel systems in terms of sample throughput has been largely solved by the advent of SPR 
imaging (SPRi) [1, 2] that is able to assess simultaneously multiple interactions using microarray SPR 
chips. The label-free detection enabling real-time observation of the binding kinetics coupled with 
high throughput possibilities is clearly very appealing compared to conventional end-point detection 
based microarray technologies, e.g. fluorescence microarrays. Also in terms of analytical application a 
large number of signal amplification methods were reported by which the sensitivity of the SPR 
imaging (most often in the low nanomolar range) can be extended to approach that of fluorescence 
detection-based systems. Generally, nanoparticle and enzyme labeled probes (or their combination) 
are used to amplify the refractive index change in the sensing zone, either directly or by enzymatic 
deposition of a precipitate, respectively [3-6]. In case of nucleic acid microarrays the range of 
amplification schemes is even larger[7] by applying catalytic amplifications inherent to nucleic acid 
targets, e.g. polyadenylation[8] and RNAse H catalyzed hydrolysis[9] by which fM levels could be 
detected. To take advantage of the imaging methodology a large number of reactions partners needs to 
be immobilized in a site selective manner onto the surface of an SPR chip ensuring optimal binding of 
their targets. The latter is especially important for small molecular weight ligands such as peptides 
[10, 11] for which the molecular crowding on the surface  may regulate also the molecular structure 
and function [12], as well as peptide nucleic acids [13] and DNA probes. In case of surface confined 
DNA probes the critical experimental parameters to be considered for proper hybridization efficiency 
are well known, e.g., surface density of probes [14-17], probe design [18], the type and length of 
spacers [19], the nanostructure of the surface [20, 21], ionic strength [15]. However, the optimal 
deployment of nucleic acid probes is also dependent on the type of detection used in the assay that 
limits the interlope of optimized immobilization methods between the various platforms. In channel-
multiplexed SPR systems [22] the immobilization is less complex as requires solely the injection of 
the relevant coupling agents and probes into the channels. However, also the level of multiplexing is 
significantly smaller compared to photolithography or methods based on the local delivery and 
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consequent immobilization of DNA probes (e.g., micro- and nanospotting, continuous flow 
microfluidics, electrospotting [23]). Given the spatial resolution of the SPRi systems, microspotting is 
probably the most convenient choice in terms of versatility and cost-effective fabrication of DNA 
microarrays for SPR imaging. However, despite the fact that this technique is very well matured for 
DNA microarray fabrication on various polymeric and glass substrates its use for patterning SPR 
chips[24-26] and in particular bare gold chips [27, 28] has been only marginally addressed. One 
essential shortcoming of spotting-based SPRi microarray fabrication is that the probes are 
immobilized off-line, out of the instrument and therefore the immobilization and consequently the 
amount of surface confined probes cannot be followed and determined as in conventional or channel-
multiplexed SPR systems. This is an important quality control parameter that should be provided to 
ensure the reproducibility of the probe immobilization and to enable the correct interpretation of the 
binding kinetics. Here we provide a solution to this problem by revealing the surface density of DNA 
probes using their reaction with ruthenium (III) hexamine (RuHex). This positively charged complex 
bounds electrostatically [29] to the surface confined DNAs and at properly chosen conditions may 
fully compensate for the negative charges on the DNA as shown earlier for DNA modified gold 
electrodes by chronocoulometric measurements [30]. We are reporting comprehensive data on the 
microspotting of thiol labeled DNA probes directly onto bare gold SPR chips and their optimization 
for hybridization assays correlated with RuHex assisted imaging of the surface density. The excellent 
control over the surface density of microspotted DNA probes was explored to enhance the selectivity 
of the DNA layers and to obtain reliable kinetic data on the hybridization of microRNA targets.  
2. Experimental 
2.1. Chemicals  
The 22-mer microRNA hsa-miR-208a-3p (c-miRNA: 5’ – 
AUAAGACGAGCAAAAAGCUUGU – 3’), the complementary 18-mer thiol labeled DNA 
probe (DNA probe: 3’ – ThiC3 -TATTCTGCTCGTTTTTCG – 5’, where ThiC3 is HS-n-
propyl) and a single mismatch 22-mer RNA (sm-RNA: 5’ – 
AUAAGACGAACAAAAAGCUUGU – 3’) were purchased from Sigma-Aldrich. The DNA 
and RNA stock solutions were prepared with RNAse-, and DNAse-free water for molecular 
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biology (Diethyl pyrocarbonate -treated and sterile filtered; Sigma) in DNA LoBind centrifuge 
tubes (Eppendorf). Hexaammineruthenium(III)chloride ([Ru(NH3)6]3+, RuHex) as well as 6-
mercapto-1-hexanol (MH) and deoxyribonucleic acid sodium salt from salmon testes (salmon 
sperm DNA) were from Sigma-Aldrich. All other reagents such as inorganic salts and buffer 
components were of highest bioanalytical grade and were purchased from Sigma. Aqueous 
solutions were prepared with ultrapure deionized water (18.2 MΩ cm resistivity, Millipore). 
 
2.2. DNA microspotting 
Bare gold SPR biochips (HORIBA Jobin Yvon S.A.S. Palaiseau, France) were cleaned 
immediately before microspotting by UV ozone treatment (Novascan Technologies, Ames, 
IA, USA) for 30 min. Thiol-labeled DNA probes were microspotted onto gold chips using a 
BioOdyssey™ Calligrapher™ miniarrayer (Bio-Rad, Hercules, CA, USA) with a 500 µm 
diameter SMP15 Stealth Micro Spotting Pin (Arrayit Corporation, San José, USA) having an 
uptake volume of 0.25 µL. The DNA probes were dissolved in PBS at different concentrations 
and 20 µL aliquots were placed in the wells of a 384 well microtiter plate (LD-PE, DNA 
LoBind, PCR clean, Eppendorf) from which were spotted onto the gold chip.  Each probe 
concentration was spotted in triplicate at 65 rh% and with the spotting stage thermostated at 
12°C. The microarrays were then incubated at 20±1°C and 65 rh% in the humidity chamber of 
the microspotter for 4 h. In these conditions the drying of the spotted droplets was avoided 
during surface modification and the droplets were still visible before the DNA chips were 
blocked with 1 mM MH in phosphate buffer saline (PBS) for 60 min. Finally, the chips were 
washed with 200 mL DI water and gently dried under N2 stream. 
 
2.3. SPRi measurements 
A XelPleX SPRi system (HORIBA France S.A.S. Palaiseau, France) was used at fixed optimal angles 
(typically 3-6 angles) to measure the hybridization interactions between the spotted DNA probes and 
microRNA strands. The reflectivity response (refractive index sensitivity) over the whole chip surface 
was normalized by using 3 mg mL-1 sucrose solution. To determine the surface density of 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
5 
 
microspotted DNA probes 200 µL of 50 µM RuHex in TRIS buffer (10 mM TRIS, 50 mM NaCl, pH 
adjusted to 7.4 with 1M HCl) was injected at 50 µL min-1. The binding of microRNAs to the DNA 
probes was monitored upon injecting 500 µL target aliquots in PBS working buffer (10 mM 
phosphate, 137 mM NaCl, 2.7 mM KCl, pH 7.4) at 50 µL min-1. Between consecutive target-probe 
interaction measurements the surface confined DNA probes were regenerated, i.e., the hybridized 
target strands were removed using alkaline dehybridization by flowing 200 µL of 100 mM NaOH 
solution for 4 min over the chip surface. All experiments were performed at 25° C and the solutions 
were injected from the wells of 96 deepwell LD-PE plates (DNA LoBind, PCR clean, Eppendorf) 
placed in the autosampler unit of the instrument. The kinetics of the interactions were determined 
with Scrubber 2 GenOptics version (BiaLogic Software, Campbell, Australia). The typical durations 
for recording the baseline, association and dissociation steps were 3, 10, and 23 min, respectively.  
 
3. Results and discussion 
3.1. Determination of the surface density of microspotted DNA probes 
The thiol labeled DNA probes were microspotted on bare gold chips followed by a post treatment 
with MH to block the free gold surface and also to strip non-specifically adsorbed DNAs (adsorbed 
through nucleotides). While residual amount of non-specifically adsorbed DNA was reported to 
persist even after MH treatment[31] especially for short probes (<24-mer), as in our case, 
immobilization through terminal thiol groups is expected to largely prevail [32]. The DNA probes 
were microspotted in two forms, i.e., as single stranded (ssDNA) and in prehybridized (phDNA) form. 
The later implied the prehybridization of the probe with the complementary microRNA (c-miRNA), 
i.e. by premixing the solution of the respective nucleic acids with the c-miRNA in 10 percent molar 
excess. Before any further experiments the phDNA spots were activated by removing the bound c-
miRNA strands using 100 mM NaOH as described in the experimental section.  
We found in an earlier study aimed at preparation of PNA microarrays [13] that the activation of the 
probes microspotted in prehybridized form (removal of the complementary strand), enabled the 
quantitation of the PNA surface density in multiplexed manner by SPRi. Unfortunately, this 
methodology is not applicable for DNA probes due to the marked ionic strength dependence of DNA-
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RNA duplexes as opposed to PNA-RNA. Thus, loss of c-miRNA case of DNA probes occurred 
during the successive washing steps applied after microspotting, in particular at rinsing with DI water. 
This loss prohibited the accurate assessment of the surface density of the probes during the 
regeneration step in the SPRi instrument. In principle, the amount of complementary strands bound at 
saturation in a subsequent hybridization reaction may also be used as a measure of the amount of 
DNA probes immobilized, however this amount is affected beside the surface density of the probe 
also by the hybridization efficiency, e.g., at high surface densities the steric and electrostatic repulsion 
may decrease the amount of the c-miRNA bound and that would cause a significant negative bias in 
the determined surface density.  
To address this problem, we explored the use of RuHex as a small molecular weight cation that was 
shown in electrochemical studies to bind electrostatically and in properly chosen experimental 
conditions to quantitatively compensate the negative charge of surface confined DNA strands [30]. 
Our hypothesis was that due to its small size RuHex can penetrate even dense DNA layers 
inaccessible to complementary strands and cause detectable refractive index changes. Therefore, the 
proper ionic strength and RuHex concentrations in this respect were determined for the highest DNA 
probe surface density investigated in this study, which was achieved by microspotting 30 µM ssDNA. 
Figure 1A shows the result of the systematic optimization involving the change of the RuHex 
concentration and ionic strength through variation of the NaCl content of the 10 mM TRIS pH 7.4 
working buffer. It was found that 50 µM RuHex and 50 mM NaCl provided the highest reflectivity 
change, which is indicative of the maximal amount of RuHex in the DNA layer (ca. 1.8 × 1013 
molecules cm-2). These experimental conditions were used in all subsequent measurements. While the 
optimal saturation value of the RuHex (Figure 1B) was found to be exactly the same as determined by 
Steel in their electrochemical DNA quantitation method [30], the ionic strength in this study is at least 
5 times higher. However, as visible in Figure 1A a rather large tolerance is noticeable in terms of the 
ionic strength at the optimal RuHex concentration. Of note, RuHex is weakly bound by electrostatic 
interaction to surface confined DNA strands with association constants generally in the range of 105 
and 106  M-1 DNA [29] depending on the experimental conditions. One important implication of the 
weak association is that the RuHex binding to surface confined DNA strands is fully reversible. This 
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is clearly supported by Figure 1 C showing that during association-dissociation cycles of RuHex for 
various surface density DNA probes a full recovery of the baseline is achieved already in the 
dissociation step. Given the weak interaction, RuHex binding throughout this paper is measured in the 
presence of a high excess of RuHex (50 µM) in the buffer solution to ensure the saturation of surface 
confined DNAs. As shown in Figure 1C, for the solely MH covered gold surface, the presence of 
RuHex in the working buffer does not cause any significant bulk refractive index change with respect 
of the RuHex-free buffer. 
Figure 1. 
To calculate the surface density of DNA probes it is assumed that the negative charge of the DNA 
layer is quantitatively compensated by the triply charged RuHex cation as thoroughly studied earlier 
[30]. Thus the surface density of DNA (Г		
 in molecules cm-2) can be expressed as: 
Г		
 =
Г × 	 × 10

 ×

3
 
Eq.1  
 
where, Гis the surface excess of RuHex corresponding to complete charge compensation of the 
DNA layer, 	is the Avogadro constant;  is the molecular weight of RuHex (203.25  g 
mol-1);	 is the number of nucleotides in the DNA probe. To calculate the surface density of RuHex 
(pg mm-2) the following expression was used [33]: 
Г =
 · !"#
$
$%
·
$%
$&
=
 · !"#
$
$&
 
Eq.2  
where  is the change of reflectivity (%) at saturation, LZC is the penetration depth of the 
evanescent wave in the medium above the gold layer (1.75×10-4 mm for 810 nm laser used in 
XelPlex, as provided by the instrument manufacturer).  δR/δn and δn/δcm are the slopes of the linear 
relationships between the reflectivity change and refractive index (δR/δn= 9354 ± 65 ) as well as the 
refractive index change and the RuHex concentration (δn/δcm= 1.857 ± 0.012 × 10-10 mm3 pg-1), 
respectively. After confirming the linearity of the respective relationships (Figure S1, SI) the 
reflectivity change as a function of the RuHex concentration (δR/δcm= 1.775 ± 0.014 × 10-6 mm3 pg-1) 
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is ultimately needed for the quantitation of the surface excess of RuHex.  Thus a single injection of 
RuHex solution enables from the reflectivity changes measured (Eq. 1 and 2) the quantitative 
determination of the surface density of immobilized DNA probes for all spots of the DNA microarray. 
Since the RuHex binding is a fully reversible process the DNA bound RuHex can be simply removed 
by dissociation during flushing the cell with the working buffer. Thus, after the determination of the 
surface density of DNA probes the DNA microarray can be used further for hybridization assays 
without any additional regeneration.  
Figure 2 shows differential SPR images of RuHex and c-miRNA binding to DNA microarrays 
prepared by microspotting various concentrations of thiol labeled ssDNA or phDNA onto bare gold 
surface. The RuHex injection was used to quantify the surface density of the immobilized DNA probe 
followed by injection of 100 nM complementary miRNA. The differential image obtained by 
subtracting the SPR image of the DNA microarray before the injection from that recorded after 
injection of RuHex or c-miRNA reveals the net effect (binding) of the respective compounds.  The 
subtraction of the two SPR images involves the subtraction of the reflectivity values of the pixels with 
the same spatial coordinates for all pixels of the two images. Given the reversibility of RuHex 
binding, the SPR image after injection of RuHex was measured in the RuHex solution as described 
earlier. The results show that RuHex, despite of its low molecular weight it is a very sensitive mean to 
visualize the DNA microspots on SPRi chips revealing beside the quantitative assessment of their 
surface density also the homogeneity of the DNA spots. 
Figure 2. 
Further quantitative analysis of the surface density of DNA probes by SPRi is shown in Figure 
3. The surface density of the ssDNA layers as determined from the amount of bound RuHex increased 
monotonously with the DNA concentration of the microspotted solution reaching close to saturation at 
30 µM, which corresponds to a dense DNA layer of ca. 17.71 ± 0.17 × 1012 molecules cm-2 (Fig. 3A).  
However, such high surface densities of DNA probes are expected to have a negative effect on the 
efficiency of subsequent hybridization reactions. This was confirmed by determining the surface 
density of DNA probes also from the amount of c-miRNA hybridized to the various surface density 
DNA spots. First, for all the various concentration DNA spots c-miRNA calibrations were recorded 
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and the reflectivity change at saturation (Rmax, Figure S2, SI) was used to determine the amount of c-
miRNA bound and consequently to calculate the probe density assuming 1:1 interaction. The amount 
of hybridized c-miRNA goes through a maximum that corresponds to ca. 5 µM spotting concentration 
(3.09 ± 0.014 × 1012 molecules cm-2) and decreases practically to zero at spotting concentrations 
larger than 20 µM. Similarly poor hybridization efficiencies were observed for high probe densities 
on polycrystalline gold electrodes by electrochemical assessment [15] and the surface density 
corresponding to the maximal hybridization efficiency is agreement with theoretical predictions based 
on electrostatic DNA surface hybridization model [34]. As expected there is an optimal spotting 
concentration above which the hybridization becomes sterically hindered and ultimately completely 
suppressed upon formation of a “compact” DNA layer. In this region estimating the surface density of 
the probe from the hybridized complementary miRNA is completely misleading and prone to a large 
negative bias. Therefore, the results clearly show the utility of the RuHex–based DNA surface density 
assessment that appears to cover a large range of surface densities without being affected by steric 
hindrance.  
When the DNA probe is microspotted in prehybridized form the maximal surface density (5.95 ± 0.04 
× 1012 molecules cm-2) is reached at ca. 5 µM spotted probe concentration similar as in case of ssDNA 
spotting, however, it remains almost constant even if the spotted DNA concentration is further 
increased (Fig. 3B). Thus if the DNA probes are immobilized in prehybridized form the spacing effect 
of the complementary strand prohibits the formation of excessively high surface densities that would 
hinder the rebinding of the complementary strand, i.e., the surface density is self-regulated by 
immobilizing the DNA probe in prehybridized form. In practice this means that if such probes are 
immobilized from solutions with sufficiently high phDNA concentrations (in this case >5 µM) than 
the optimal hybridization efficiency can be achieved without any further optimization of the spotted 
probe concentration. 
Figure 3. 
Figure 3C shows that in terms of hybridization efficiency the very same performance can be achieved 
by both phDNA and ssDNA microspotting under optimized conditions. The amount of c-miRNA 
hybridized at spotting concentrations higher than 5 µM seem to be limited in case of phDNA spots 
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mainly by electrostatic repulsion given the self-regulating effect of the complementary microRNA 
that adjust the spacing between the immobilized probes, while in case of ssDNA additionally by steric 
repulsion. The electrostatic repulsion was confirmed by increasing the ionic strength of the working 
buffer that resulted in both cases in increasing amounts of hybridized c-miRNA (Figure S3, SI).  
However, the maximum type behavior of the probes immobilized in single stranded form was 
preserved even at higher ionic strength indicating steric hindrance at high surface densities.  This was 
not the case for phDNA probes that preserved the saturation type response also at higher ionic 
strength.  
 
3.2. Effect of the probe surface density on kinetic measurements and selectivity 
For analytical applications the surface density of the DNA probe leading to the highest hybridization 
efficiency is preferred. However, it is well known that for determination of the kinetic and equilibrium 
constants lower probe surface densities that enable unhindered hybridization are preferred. Figure 4A 
shows the equilibrium dissociation constant (KD) for the hybridization reaction for various surface 
densities of the DNA probes. For low spotting concentrations (<5 µM) the KD values obtained for 
ssDNA and phDNA spots were within the experimental error the same (ca. 5.5 nM). However, at 
higher spotting concentrations a marked increase of the KD values, up to ca. 22.5 nM, was observed 
for ssDNA layers. Analyzing the rate constants of the hybridization reaction (Figure S4, SI) revealed 
that this is mainly due to the increased dissociation rate constants as the ssDNA probe surface density 
increases while the association rate constants remain fairly constant. Of note, the fitting of the relevant 
kinetic curves was very accurate for all the different surface density spots with a detectable 
reflectivity change (Figure 4B). If the probes were spotted in prehybridized form the KD values were 
practically independent of the spotted concentrations, which makes this approach particularly robust 
for KD determination. 
Figure 4. 
Given the marked dependence of KD on the probe surface density in case of ssDNA spotted surfaces 
we were further interested whether this effect can be exploited to increase the selectivity against 
single base mismatches. Thus various probe surface densities were established by microspotting 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
11 
 
different concentration ssDNA and the amount of hybridized complementary microRNA and single 
base mismatch RNA (sm-RNA), with the mismatch located in the middle of the strand, was compared 
(Figure 5 A).  For both RNAs a maximum in the binding efficiency was observed that occurred at a 
similar spotting concentration of ca. 5µM. More importantly, at this surface density corresponding to 
optimal hybridization efficiency the c-miRNA was only ca. 14 % higher than that of the sm-RNA 
strands, which might be insufficient for its reliable assessment in the presence of single mismatch 
strands. However, for sm-RNA binding a much steeper decrease of the hybridization efficiency was 
found with increasing surface density of the DNA probe. Thus for ca. 10 µM spotting concentration, 
corresponding to a surface density of ca. 5.33 × 1012 molecules cm-2, the sm-RNA hybridization is 
effectively suppressed, while the c-miRNA binding is still detectable. This means that in case of 
larger surface density DNA probes that sterically hinders the hybridization, the single mismatched 
duplexes are destabilized more effectively than the fully complementary duplex. This is evidentiated 
also by the effect of the DNA surface density on the respective KD values (Figure 5 B).  Indeed, for 
the lowest surface density of the DNA probe (ca. 9.26 × 1011 molecules cm-2) the KD value of the 
complementary strand (5.9 nM) was smaller only with a factor of 2 than that of the sm-microRNA 
(11.6 nM). The gap however increased to more than a factor of 5 at 10 µM spotting concentration 
with a KD of 62.7 nM for the sm-RNA and 11.47 nM for c-miRNA. 
Figure 5. 
Conclusions 
A single injection of RuHex solution under optimized conditions as determined in this study is 
suitable to visualize microspotted thiol-labeled DNA probes on SPR chips and to estimate their 
surface density by SPRi. Since the RuHex binding is independent of the sequence of the immobilized 
DNA probes [30] and the resulted complex can be disrupted in mild conditions, the method is 
applicable to the simultaneous, nondestructive assessment of the surface density of DNA probes in all 
spots of a DNA microarray as well as for their regular control during repeated experiments. While the 
coulometric assessment requires electrochemical addressability of the DNA bound RuHex, the SPRi 
based method introduced here is expected to be applicable for a broader range of immobilization 
strategies, e.g., through polymeric matrices and biotin-avidin coupling. The method proposed here can 
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be applied on other SPR devices, with the penetration depth being the main instrument depending 
parameter, and seems fully consistent for short DNA probes as required for microRNA targets. 
The study revealed that DNA probes microspotted in both single stranded and prehybridized form can 
ultimately provide the same hybridization efficiency. For high spot density DNA microarrays the 
prehybridization with a complementary strand may not be practical due to higher cost, but it contours 
as the most robust approach for (i) kinetic measurements, (ii) small spot density DNA microarrays 
and (iii) in case of surface morphologies or nanoscale confinements where reproducible hybridization 
efficiencies are otherwise difficult to achieve, e.g., nanopores [35]. Arrays with microspotted ssDNA 
strands require more elaborate optimization in terms of hybridization efficiency, however allows for 
fine tuning of the surface coverage for a better discrimination of single mismatch targets.  
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Figure 1. (A) Two-dimensional grayscale map of the reflectivity changes of DNA spots recorded 
upon injecting various concentration RuHex solution (horizontal axis) in different ionic strength 
working buffers (pH 7.4, 10 mM TRIS buffer) adjusted using different NaCl concentrations (vertical 
axis).  The DNA probe was immobilized by spotting 30 µM thiol-labeled ssDNA on bare gold SPRi 
chip followed by blocking with MH. (B) RuHex adsorption isotherm for the optimal (50mM) NaCl 
concentration, the error bars are for 3 parallel spots on the same chip. (C) Reflectivity changes during 
association-dissociation cycles of RuHex to DNA probes microspotted at different concentration as 
indicated in the graph. 
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Figure 2. Differential SPR images of DNA microarrays microspotted in triplicate from various 
concentration DNA probe solutions (A) after injection of 50 µM RuHex and (B) after hybridization 
with 100 nM microRNA. The brightness of the spots scales with the amount of bound RuHex and 
microRNA, respectively.   
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Figure 3. Surface density of the DNA probe as a function of the concentration of the microspotted 
thiol-labeled (A) ssDNA and (B) phDNA calculated from the amount of (a) RuHex bound (50 µM) 
and (b) hybridized c-miRNA.  (C) Comparison of the amount of hybridized microRNA for ssDNA (c) 
and phDNA (d) microspots. Error bars are for 3 replicate spots on the same SPRi chip. 
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 Figure 4. (A) Dissociation equilibrium constant as a function of the spotted DNA probe 
concentration in case of ssDNA (a) and phDNA (b). (B) Interaction plots upon injection of 200 nM c-
miRNA for ssDNA spots with various surface probe concentration. Error bars are for 3 replicate spots 
on the same chip. 
  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
21 
 
     
 
Figure 5. (A) Maximal reflectivity change of various surface density ssDNA spots (phDNA spots in 
the inset) in response to c-miRNA and sm-RNA as well as (B) the respective apparent equilibrium 
dissociation constants. Error bars are for 3 replicate spots on the same chip. 
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Highlights 
• RuHex efficiently reveals immobilized DNA spots by SPRi on DNA microarrays 
• Multiplexed quantitative assessment of DNA surface concentration is introduced 
• The method enables convenient application-based optimization of DNA arrays  
• DNA surface concentration is key to optimal selectivity and hybridization efficiency  
